Syllables preserve within unit co-articulation effects, which results syllables to be a good choice as speech unit for speech database of many languages. Punjabi is a syllabic language, so syllables have been selected as the basic speech unit for the preparation of speech database for Punjabi. In order to select a minimal syllable set covering almost whole Punjabi word set to be stored in the speech database, all the available Punjabi syllables have been statistically analyzed over a large Punjabi corpus having more than 104 million words. This statistical analysis reveals very interesting and important facts about the actual use of Punjabi syllables by its speaker and writers. From the results of this analysis a relatively smaller syllable set of about first ten thousand (0.86% of total available 1156740 syllables) most frequently occurring syllables having cumulative frequency of occurrence less than 99.81% have been selected. Also, frequency of occurrence of these syllables at the three positions (starting, middle and end) in the words of corpus has been obtained, for detailed storage and better utilization of these syllables in certain applications like Text-to-Speech synthesis.
Introduction
Speech database is a core component of a concatenative TTS system. The quality of the output synthesized speech signal depends upon how accurately speech database has been prepared [1] . Two main factors affect the quality of speech database. First, the selection of speech unit, and second the number of speech units to be stored in the database. The first factor controls the naturalness of the output speech signal and the second one affects the database size and hence the response time and portability of the TTS system. Since Punjabi is a syllabic language [2] , so syllable has been selected as the basic speech unit for this TTS system, which preserves within unit co-articulation effects [3, 4] . Further, for limiting the number of syllables in the database, the frequency of occurrence of all Punjabi syllables in Punjabi corpus has been found. The syllables occurring very less in the corpus have been ignored and are not selected for storage in the database.
Research background 2.1 Punjabi language
Punjabi is an Indo-Aryan language spoken by more than hundred million people those are inhabitants of the historical Punjab region (in north western India and Pakistan) and in the Diaspora, particularly Britain, Canada, North America, East Africa and Australasia. Punjabi is unusual among modern Indo-European languages in being a tonal language. It is written from left to right using the Gurmukhi (an abugida derived from the Laṇḍā script and ultimately descended from Brahmi script) as well as Shahmukhi (a version of the Arabic script) scripts. Punjabi language like other Indian languages includes segmental phonemes (vowels and consonants), but not supra-segmental phonemes (stress, intonation, juncture, nasality and tone) in its alphabet. Segmental phonemes having their independent existence, are the discrete units that can be identified either physically or auditory in the stream of speech. Supra-segmental phonemes on the other hand do not have independent existence; these exist only with segmental phonemes. In Gurmukhi script, which follows the one sound-one symbol principle, Punjabi language has thirty eight consonants, ten non-nasal vowels (ਇ, ਈ, ਏ, ਐ, ਅ, ਆ, ਔ, ਉ, ਊ, ਓ) and same numbers of nasal vowels (ਇੰ , ਈ ਂ , ਏਂ , ਐ ਂ , ਅੰ , ਆਂ , ਔ ਂ , ਉਂ, ਊਂ, ) (see Figure 1 ). The consonants [ਙ] and [ਞ] are rarely utilized.
Vowels can appear alone in orthography (known as full vowels) however consonants can appear along with vowels only. Each consonant in written Punjabi is associated with inherent schwa ('ਅ' the third character of Punjabi alphabet and written as [ə] in International Phonetic Alphabet (IPA) transcription); if it is not associated with any of the other vowels. 
Punjabi syllables
Defining a syllable in a language is a complex task. There are many theories available in phonetics and phonology to define a syllable. In phonetics, the syllables are defined based upon the articulation [5] . However in phonological approach, the syllables are defined by the different sequences of the phonemes. So, combination of phonemes gives rise to next higher unit called syllable. Further, combination of syllables produces larger units like morphemes and words. So, syllable is a unit of sound which is larger than phoneme and smaller than word. In every language, certain sequences of phonemes and hence syllables are recognized. Using these phonetic sequences and hence structures, all practically possible syllables can be formed those have been discovered so far in ancient and recent literary works. In addition, all theoretically possible syllables can be composed that may or may not yet be used in a language, but valid in the sense that these follow rendering rules for the language at present [6] . A syllable must have a vowel, without vowel, syllable can not exist. In Punjabi seven types of syllables are recognized [2] -V, VC, CV, VCC, CVC, CVCC and CCVC (where V and C represents vowel and consonant respectively), which combine in turn to produce words. The different types of Punjabi syllables with examples are given in Table 1 . As said above, Punjabi language has thirty eight consonants, ten non-nasal vowels and same numbers of nasal vowels; so, the above said seven syllable types results 1127090 syllables in Punjabi with nonnasal vowels and the same number of syllables with nasal vowels and thus giving total of 2254180 syllables in Punjabi.
Statistical analysis of syllables
For the development of speech database for this Punjabi TTS system, the syllables of first six types (V, VC, CV, VCC, CVC and CVCC) have been selected and the syllables of type CCVC have not been considered due to their less existence [2] . For selecting syllables for the speech database, the total available 1156740 syllables (nasal and non-nasal) have been statistically analyzed on a Punjabi corpus. For this purpose a carefully selected balanced corpus having 104425741 total and 232565 unique words have been used. Frequency of occurrence of the available 1156740 syllables in the corpus has been found. It has been observed that certain syllables are having frequency of occurrence zero; and these syllables have been declared as invalid syllables in Punjabi. The Table 2 and Table 3 show the result of the statistical analysis and show the valid non-nasal and nasal syllables (having Frequency of occurrence > 0) of each type respectively. During utterance stress, duration and articulation of the same syllable is different at the starting, middle and end positions of the words [7] . Hence for the better accuracy of the TTS system, the syllables sounds need to be stored separately for these three positions in the speech database. So, frequency of occurrence at these three positions has been found separately as shown in Table 4 and Table 5 for nonnasal and nasal syllables respectively. It has been observed that the occurrence of syllables (non-nasal and nasal) at the starting position in the words is more than at middle and ending positions. Results show that there are 18013, 6251 and 10869 syllables having frequency of occurrence 10192389, 1666555 and 5097969 at the starting, middle and end positions respectively. The analysis reveals that the syllables occurring at middle position of words are very less than at starting and end positions. The Figure 2 shows the plot for number of times the syllables are occurring at staring, middle and end positions in the words of the said Punjabi corpus.
Figure 2. Syllables frequency at starting, middle and end positions
It has been observed that there are 6674 syllables with unit frequency of occurrence. This is mostly because of the words those are borrowed from other languages and are occurring very rare in Punjabi and their one time existence in the corpus has given the unit frequency of occurrence to its syllables, those are not otherwise occurring in general in the language. There are 20099 syllables having their frequency in the range 1 to 100. Figure 3 shows the plot for number of syllables against the frequency of occurrence in the range 100 to 1000. Figure 4 shows the plot for number of syllables against the frequency of occurrence in the range 1000 to 10000. Figure 5 shows the plot for number of syllables against the frequency of occurrence in the range 10000 to 100000. The number of syllables with frequency of occurrence more than 100000 is only 39.
The combined sorted list of nasal and non-nasal syllables results only 24052 syllables, out of total 1156740, having frequency of occurrence (total of three positions) more than zero. Out of these, first 10000 (appox.) most frequently occurring syllables having cumulative frequency of occurrence less than 99.81% have been selected for the development of speech database. Only the syllables having frequency of occurrence less than 8 have been omitted and these will not affect the working of the TTS system because of their very less occurrence. So with these many syllables, the TTS system will be able to cover almost all Punjabi words as well as would be able to generate words borrowed from other languages and names of persons; and hence producing a general TTS system for Punjabi. The word coverage (number of unique words in which a particular syllable is occurring) by the syllables provides important information about the syllables and it has also been found for the unique 232565 words of the above said corpus. Results show that non-nasal syllables of type CV are occurring in maximum number of words and thus having maximum word coverage (264349 unique words) than other syllables. The nasal syllables of type VCC are having minimum word coverage of 610 unique words than other syllables. Figure 6 and Figure 7 show these results for the non-nasal and nasal syllables respectively. 
Conclusions
It has been observed from the above results that the statistical analysis of the Punjabi syllables over the Punjabi corpus plays a vital role in selection of syllables for the speech database. Results show that large number of syllables are not occurring even once in the corpus of about 104 million words and are declared as invalid syllables. Also, other large number of syllables are having comparatively very little frequency of occurrence and are ignored for the final selection. Also for improving the quality of speech database the syllables have been analyzed statistically for the three (staring, middle and end) positions in the words of the corpus. This statistical analysis helped to select a relatively small syllable set (of about first ten thousand syllables, that are about 0.86% of total syllables) of most frequently occurring syllables having cumulative frequency of occurrence less than 99.81%, out of 1156740 available syllables. The results of this statistical analysis will also be very much helpful for the implementation of the other syllable based NLP systems.
